The objective of the study was to assess the effects of long-term application of liquid manure from pig production and digestate from manure fermentation installation for biogas production on chemical changes in the soil, i.e.: soil reaction, accumulation of available forms of phosphorus, potassium, and magnesium in the soil arable layer, as well as the phosphorus balance. The assessment was carried out in two highly productive farms specialising in pig production, located in the Zachodniopomorskie Province. The soils under the study were treated with slurry and digestate annually for subsequent 12 years. The assessment of changes in nutrient content and accumulation was performed twice: after 10 and 12 years of fertiliser treatments. The rate of changes in soil reaction due to slurry and digestate application varied depending on the analysed field. Irrespective of the analysed field, 12-year application of slurry caused a drop in soil pH by an average of half a unit. The direction of changes in the content of available nutrient forms in the soil varied depending on the element evaluated. Notwithstanding the analysed field and the type of slurry used, a decrease in the content of available forms of potassium in the soil was observed. Slurry fertilisation did not affect magnesium contents in the soil. In the study period, the content of magnesium remained unchanged. Among the evaluated nutrients, an increased nutrient content in the soil was only found in the case of phosphorus -as a result of application of liquid manure in combination with mineral fertilisation. In the analysed farms, in the case of fields fertilised with slurry and digestate, the phosphorus balance was positive, and ranged from 15 to 40 kg P·ha -1 . The obtained values of the phosphorous balance strongly suggest that regardless of the type of liquid manure used on the farm, measures should be taken to introduce changes in the scope of fertilisation plans, with particular emphasis on the principles of balanced fertilisation.
INTRODUCTION
Natural fertilisers and different kinds of organic waste are a cheap source of nutrients for plants and an important source of organic matter contributing to soil fertility. On the other hand, they cause a risk of emission of biogenes (nitrogen and phosphorus) to waters, and greenhouse gases to the atmosphere (Sapek 2000a) . The scale of emission of the aforementioned components to the environment depends on the applied dose of slurry and the way and term of its application (Mogge et al. 1999) . In intensive animal production, particularly of pigs, slurry production is to a greater degree perceived in categories of a tedious waste than a valuable source of nutrients for plants (Romaniuk 2000) . Due to the changes in animal production involving a transition to indoor breeding, the amount of produced slurry increases at the cost of a reduction of the amount of manure.
Classic storage of natural fertilisers (manure pits, manure pads, lagoons) involves considerable losses of organic matter in the form of CO 2 or CH 4 (Maaekowiak 1999; Haussermann et al. 2006; Berg et al. 2006) . Improper application of fertilisers, and currently also organic materials of waste origin for fertilisation of soils and plants can additionally cause threats for the natural environment, including cleanliness of waters and soils, and quality of plant yields (Oniszk 2000; Sapek 2000b ). The negative effect of slurry on the natural environment particularly results from gas emission occurring during storage and application of the fertiliser (Blanes-Vidal et al. 2008; Philippe and Nicks 2015) . According to the report prepared for the European Commission (Foged et al. 1997) , 7.8% of produced natural fertilisers are processed in the EU. In Poland, 252 thousand tonnes are processed, constituting 0.3% of the total amount of natural fertilisers produced in the EU (Jurga and Winiarski RENATA GAJ 1 *, ANNA BUDKA 2 , JACEK ANTONKIEWICZ 3 , KRZYSZTOF B¥K 1 , PAULINA IZYCHARD 1 195 Effect of long-term slurry application on contents of available forms of soil macronutrients 2016). The reduction of losses of methane from slurry is implemented in a variety of ways. One of the latest ways is the utilisation of natural fertilisers in agricultural biogas plants (Myczko 2000) . Fermentation in an agricultural biogas plant reduces losses of methane emitted to the environment, and therefore reduces the contribution of agriculture in the emission of the gas (Oniszk 2000) . Moreover, digestate from the biogas plant emits a considerably smaller amount of odour compounds and is almost completely devoid of pathogenic microorganisms, because they are destroyed in increased temperature in the process of fermentation (Jurga and Winiarski 2016) . Replacing fresh fertilisers with fermented mass or composts also reduces leaching of nitrates down the soil profile due to the fact that after the fermentation process the dominant form of mineral nitrogen is N-NH 4 (Paavola and Rintala 2008; Tambone et al. 2009 ). Controlled methane fermentation is a good solution, particularly due to the protection of waters, soil, and atmospheric air (Bohdziewicz and Kuglarz 2009) . The process permits obtaining renewable energy and stabilised organic fertiliser, namely fermented slurry. Danish research showed that fermentation of pig slurry in a biogas plant allows for a reduction of losses of methane and ammonia by 50% (from 3.1 to 1.5 kg t -1 ) and 20% (by 100g NH 3 t -1 ), respectively.
Considering the admissible amount of nitrogen applied with natural fertilisers in a dose of 170 kg·ha -1 , excessive amounts of phosphorus are frequently introduced to the soil. Regular application of slurry can become the cause of excess accumulation of the element in the soil, leading to a serious water pollution problem (Haneklaus et al. 2016) . In the first year of application of natural fertiliser, approximately 35 to 40% of total phosphorus content is available for plants. From the point of view of counteracting water eutrophication, provisions of the Act of 20 July 2017 Water Law are very important. They directly result from the provisions of Council Directive 91/ 676/EEC on the protection of waters against pollution caused by nitrates from agricultural sources. The application of fertilisers in doses exceeding the nutrient requirements of plants can leads to changes in the ionic balance of the soil solution and causes transfer of the element to groundwaters. The chemical analysis of soil constitutes an important tool of assessment of potential threats resulting from the surplus of phosphorus dispersed from the natural environment (Maguire and Sims 2002) . The balance of the element shows the direction of changes of a given element in the soil and provides the basis for the preparation of fertilisation plans. Improper diagnosis can lead to the disturbance of the economic feasibility of production and environmental degradation. One of the commonly recognised methods of investigation of flow of nitrogen and phosphorus and assessment of the degree of environmental load of the elements are their balances prepared by means of the method propose by the OECD (Kopiñski 2007) . N and P balances are prepared obligatorily at the scale of the country and voivodships. This results from Poland's membership in the OECD from 1996. The paper adopted a research hypothesis stating that long-term application of slurry and digestate from agricultural biogas plant increases the content of macroelements in the soil and leads to a decrease in the pH value.
The objective of the study was the assessment of the effect of long-term application of slurry from pig production and digestate from biogas plants on changes in soil reaction, content of available forms of phosphorus, potassium, and magnesium, and phosphorus balance.
MATERIALS AND METHODS
The study focused on two agricultural farms specialising in pig production located in the Zachodniopomorskie Voivodship. The total area of the farms is 870.62 ha. The assessment covered only arable fields on which digestate from biogas plant (farm A) and slurry from pig production (farm B) has been regularly applied since 2001. On farm A, the total area of fields covered by the study was 552.81 ha, which constituted 11% of the total size of the farm (Table 1 ). The area of fields covered by the study on farm B was 317.15 ha, constituting 10% of the total size of the farm (Table 2 ). Approximately 41% of land was occupied by medium soils, and 59% by light soils. On each of the farms, the study covered 5 fields (numbered from 1 to 5). Detailed research concerning crop yields, element uptake, and phosphorus balance was performed in 2011 and 2013. Fields fertilised with digestate from biogas plant in 2011 and 2013 were completely used for sawing corn mainly for silage, constituting a substrate for the production of biogas. Moreover, the study considered a control field belonging to farm A, excluded from the application of slurry and digestate. In the crop structure on farm B in 2011 and 2013, two plants were dominant, namely corn and triticale, with a percent contribution of 84% and 16%, respectively.
The characteristics of the chemical composition of slurry and digestate from biogas plant are presented in Table 3 . Slurry and digestate were applied by means of spreading hoses coupled with cultivator tines in a two-dose system. An average of 45% was introduced in autumn and 55% in spring. Table 4 presents total amounts of the applied slurry and digestate from biogas plant in 2011 and 2013. Pursuant to the Act on fertiliser and fertilisation of 2007, the determination of the dose of both fertilisers adopted a criterion limiting the amount of the applied fertiliser dose to 170 kg N ha -1 in the form of natural or organic fertilisers (Ustawa o Nawozach i Nawo¿eniu 2007).
Soil samples for chemical analyses concerning the determination of the content of available elements and pH value in selected years were collected after harvests before the application of slurry. The number of oil samples collected from a given field was variable depending on the surface area of a given field. Soil samples were collected in accordance with the methodology of the Chemical-Agricultural Station (PN-R-04031:1997), assuming 1 average sample from an area of 4 ha, comprising 15-20 partial samples. Chemical analyses of soils were performed in three terms: 1) autumn 2001 -before the application of slurry, 2) autumn 2011 -after the crop harvest, 3) autumn 2013 -after the crop harvest.
Mean pH values were calculated after dealgorithmisation of results
For the purpose of determination of potential threat of leaching and effects of excessive accumulation of phosphorus related to a high amount of the element in slurry, phosphorus balance was performed by means the of the field surface method. The balances were prepared separately for each field on a farm. The P balance on the side of revenues considered the amounts of the element introduced with mineral fertilisers and slurry, and on the side of expenditures, the amount of phosphorus expended with crop yields. In the case of slurry, a phosphorus fertiliser equivalent at a level of 70% was adopted, and in the case of digestate from biogas plant 80%. Based on the difference between the dose of the element applied in mineral and natural fertilisers and the total amount of P subject to uptake with crop yield, P balances were determined. Phosphorus uptake with a main crop yield Effect of long-term slurry application on contents of available forms of soil macronutrients unit with the corresponding secondary yield was determined from the product of unitary P uptake according to data included in the Code of Good Agricultural Practices (Kodeks 2002) and yield collected from a given field. The value of unitary uptake for corn was adopted at a level of 0.7 kg P×t -1 and triticale 3.8 kg P⋅t -1 . The study results were processed by means of an Excel spreadsheet and STA-TISTICA 10.0 software.
RESULTS AND DISCUSSION

Soil reaction
Both mineral and organic fertilisation is among important factors modifying soil reaction. The final effect of a fertiliser depends on its type and soil properties (Mazur and S¹dej 2002) . The study showed that long-term application of slurry from pig production and digestate from biogas plants caused changes both in soil reaction and nutrient accumulation in the arable layer (Table 5 , 6, Fig. 1, 2 ). Among fields subject to the assessment on farm A, the strongest decreasing tendency of pH values due to the application of digestate from biogas plants was observed in the case of field 2 (Table 5) . A different direction of changes in soil reaction was observed for field No. 3, because 10 years of application of natural and organic fertiliser had no effect on the pH value. The effect of longterm fertiliser application on changes in soil pH manifested only after 10 years from the moment of application of the fertiliser. The variable response of soils to acidification is a result of the buffer mechanisms of soils. Digestate from biogas plants is characterised by higher pH (7.1-7.4) in comparison to slurry. Literature data (Grzebisz et al. 2009) suggests that the pH value of digestate from biogas plant can be up to 8. The analysis of data concerning the reaction of the analysed soils on farm A in the years [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] shows that regular application of digestate from biogas plant caused a decrease in the pH value of the analysed soils by an average of 0.5 unit. The decreasing tendency of soil pH was also observed in the case of the control field (field No. 5), excluded from slurry application. Acidification is a natural process occurring in the soil, and agrotechnical measures, including fertilisation, particularly with nitrogen and natural fertilisers, result in an increase in the rate of the processes. Soils belonging to farm B were characterised by low pH throughout the study period with a decreasing tendency of its values with years of slurry application (Table 6 ). In 2001, the average soil pH value on farm B varied from 4.7 to 5.5, and in 2011 the range was narrowed to Potarzycki (2000) concerning the dynamics of changes in soil reaction on account of fertilisation with bovine slurry showed that 20 years of application of the fertiliser increased soil pH values, and the application in combination with mineral nitrogen fertilisers caused o changes in the assessed index. The knowledge of a farmer on the state of reaction of the cultivated soil and consequences of the conducted production is a very important component of the strategy of management of the factor in plant production. The production and ecological effects of excessive soil acidification present the final effect of a number of largely unidentified processes (Hede et al. 2001; Kidd and Proctor 2001; Marschner 1991; Van Breeman et al. 1983) . Soil reaction decreasing below the value optimal for a given element results in a fast decrease in its crop yield effectiveness. Out of three mineral components (N, P, K), phosphorus responds to soil acidification the strongest (Barrow 1984; Hinsinger 1998 ).
Nutrient accumulation in the soil
Long-term application of digestate from biogas plant and slurry from pig production contributed to changes in the accumulation of available forms of phosphorus and potassium in the analysed soils. A considerable effect of the application of slurry and digestate on an increase in the content of bioavailable forms of phosphorus in soils subject to the study was evidenced. High content of available P suggests a potential threat of dispersal of the component to groundwaters and surface waters. Before the commencement of application of slurry, the content of available phosphorus in soils was variable depending on the field. In the case of farm A it varied from 74 to 148 mg P kg -1 of soil, and in soils of farm B from 74 to 109 mg P kg -1 . The assessment performed after 10 years confirmed the evident effect of digestate fertilisation on an increase in the content of available phosphorus in all the analysed soils. Although the applied doze of digestate was comparative on all fields subject to the study, an increase in the content of the analysed component at particular sites was variable on account of its application. In 2011, the contribution of soils with very high content of available phosphorus equalled 80%, and the remaining soils were characterised by high content of the component. Another assessment performed after two years showed that soils of all the fields subject to the study on farm A were characterised by high content of available phosphorus. Its content oscillated between 87.2 and 139.5 mg P·kg -1 of soil (Fig. 1) . A smaller variability of content of available P (61-69 mg P·kg -1 of soil) in comparison to the remaining fields was observed in the case of the control object (field No. 5). Considerably greater differences in the content of available P were observed on account of application of slurry in the soils of farm B. An increase in the content of available P was observed in the case of fields 1-4, and in reference to field 5, an evident decrease in the content of phosphorus was determined (from 109 to 82.8 mg P·kg -1 of soil), whereas its content was still maintained in the class of soils with high P abundance. High contents of phosphorus in the soil resulting from long-term application of slurry and digestate from biogas plants suggests that the determination of doses of natural fertilisers should consider not only the acceptable criterion of content of N as the component limiting the slurry dose, but also P content. Failure to respect this rule in the long term can cause a serious environmental threat and contribute to the deterioration of the quality of waters. Outflow of phosphorus to surface waters depends on the level of P in the soil, type of soil, and land surface inclination (Sims et al. 1998; Arheimer and Liden 2000) . Monitoring research conducted by chemical-agricultural stations shows a considerable increase in the content of available forms of phosphorus in soils (Igras and Fotyma 2013) . At sites of monitoring research, the average increase in the content of available phosphorus was approximately 1.4 mg P·kg·year -1 (Jadczyszyn et al. 2009 ). The application of an excessively high dose of slurry in fields and failure to observe agrotechnical periods is often the cause of an ecological threat to soils, waters, and the atmosphere as a result of disturbance of balance, and exceedance of the sorption capacity of the soil and assimilation capacity of plants (Carpenter et al.1998) . As a consequence of the occurring processes, nitrogen and phosphorus compounds from slurry are supplied to surface waters and groundwaters, causing eutrophication of water bodies (Fotyma et al. 2006) .
The content of available potassium in the soils of farm A before the application of digestate from biogas plants in the majority of case corresponded with the class of medium and low abundance. The data analysis performed after 10 years of application of digestate showed an increase in the contribution of soils with low K content. Changes in the content of the component in years subject to the study were determined by the high contribution of corn in the crop structure. Due to the volume of produced biomass and its purpose, corn contributed to a considerable reduction in available potassium in the soil (Fig. 1) . A close relation was also observed between the content of the component in the soil and the pH value. With a decrease in pH, content of available K also decreased. The assessment of the dependency of soil acidity and content of available potassium requires the consideration of the granulometric composition (agronomic category of the soil). This results in a triple pattern of relations: agronomic category -reaction -content of available potassium (Lipiñski 2005, Tkaczyk and Bednarek 2011) . In the case of all the analysed fields on farm B in the study period in the years 2001-2013, a tendency for a decrease in the content of available forms of potassium is was observed (Fig. 2) . Before the application of slurry in 2001, the content of available potassium in soils belonging to farm B was variable within a very broad range of values from 99 to 323 mg K⋅kg -1 of soil. The assessment performed after 12 years of regular application of slurry showed a considerably lower content of available potassium in all the analysed soils, varying from 83 to 182 mg K⋅kg -1 of soil. In 2013 in comparison to seasons evaluated earlier, potassium content was within a narrower range of values from 83 to 141 mg K kg -1 of soil. A decrease in potassium content in soils was a result of unbalanced mineral and organic fertilisation. A particularly considerable change in the content of the component in the soil in the analysed period 2001-2013 was observed in the case of field No. 2 (Fig. 2) . A reduction of the content of available potassium on the aforementioned field was accompanied by a simultaneous decrease in soil pH. Changes in the content of available potassium were also strongly related to the crop species. In the case of field No. 5, where in vegetative seasons 2011 and 2013 triticale was cultivated, small differences in the content of available potassium in the soil were determined in the analysed study period. The remaining fields were characterised by a considerably greater reduction of potassium content, and the change was a consequence of high expenditure of the component with corn yield.
Long term application of slurry and digestate from biogas plant determined changes in magnesium content to a considerably lower degree in comparison to phosphorus and potassium. Mg content oscillated in a narrow range from 3 to 5 mg Mg kg -1 of soil ( Fig. 1, 2 ). In the analysed study period, the content of available magnesium in the soil was maintained on an even level irrespective of the application of slurry or digestate from the biogas plant The obtained results are in accordance with data obtained by Maaekowiak (2001) and Gosek (2002) .
Phosphorus balance
The component balance is the basic tool of control of nutrient circulation in agriculture, used in the monitoring of pollutants originating from aerial sources. The result of the balance is the difference between the revenue of the component and its expenditure. Moreover, it permits the assessment of the potential volume of losses of components from agricultural production as a result of specified intensity of management measured by the level of mineral fertilisation and animal stocking (Sapek and Sapek 1993) . Results of the P balance gain special importance in comparison with the state of abundance of soils and quality of groundwaters and surface waters (Igras and Lipiñski 2005) . The study involved the assessment of potential threat to the environment caused by the dispersal of the component introduced in excess of the requirements of the cultivated plants. The P balance prepared for particular fields in the case of the analysed farms showed a positive balance (SB) varying from 16 to 40 kg P⋅ha -1 and dependent on the species of plant cultivated on a given field as well as the obtained harvests (Table 8 ). The effect of the plant as a factor differentiating the use of phosphorus from fertilisers is presented in research by Gaj (2008) . In the current study, higher than average phosphorus balance shows low effectiveness of use of the element from slurry. As a consequence, this can contribute to excessive phosphorus accumulation in the soil. Sharpley (1986) and McLaughlin et al. (1988) evidenced that only 9-23% of phosphorus absorbed by plants originates from current P fertilisation, and the remaining part of phosphorus is absorbed by plants from reserves accumulated in the soil. Monitoring research published by Potarzycki (2006) showed that phosphorus accumulation by crop plants to the amount higher than 17 kg P ha -1 leads to a negative balance. According to literature data (Fardeau et al. 1997; Tujaka and Gosek 2009; ) , the use of phosphorus from mineral fertilisers in the first year of application varied from 10 to 20%, and in many cases shows a variability depending on soil conditions, cultivated plant, and even its cultivar (Ozturk et al. 2005 ). Phosphorus balances prepared for different fields of a farm, or even region, are characterised by a certain simplification, because they ignore changes in the content of the element in the soil in the study period. They are usually primarily based on the calculation of the balance difference between the amount of phosphorus introduced to the soil with fertilisers and the amount absorbed by plants (Ellmer et al. 1999; S¹dej 2000) . At the scale of the country, however, great regional variability of the amount of phosphorus supplied with manure, slurry, or mineral fertilisers should be considered. Balances assess the accuracy of management of elements, and are one of the most important agro-environmental indicators (Kupiec 2015; Gaj and Bellaloui 2012; Koper et al. 2002; Sassenrath et al. 2013) . A positive balance described as surplus or losses constitutes a load of a component unused in agricultural production, subject to accumulation in the soil, or transferred to surface waters (Pietrzak 2013) . The average phosphorus surplus for Poland is approximately 3.7 kg P⋅ha -1 , and for the Zachodniopomorskie Voivodship 6.7 kg N⋅ha -1 (Kopiñski and Tujaka 2009) . The comparison of balances presented in the paper with results obtained by Kupiec and Zbierska (2010) for large-area farms shows that balances obtained by the cited authors were considerably lower than those obtained in own research. In the context of the growing threat for the natural environment resulting from the application of slurry from industrial rearing of pigs, it is necessary to constantly monitor changes in the chemical and physical properties of soils, groundwaters, and surface waters in the area of influence of the farms. Particularly strict control is required in areas with regular application of slurry. The study shows that annual application of the fertiliser on a given field results in excessive accumulation of available forms of phosphorus in the soil, and as a consequence constitutes a threat to the environment.
CONCLUSIONS
1. Long-term application of slurry from pig production as well as digestate from biogas plant caused a decrease in the pH of the majority of the analysed soils, although the dynamics of changes in the study period showed a variable rate depending on the analysed field. 2. Long-term application of slurry increased the content of available forms of phosphorus in the soil, and had no effect on the content of available magnesium. A decrease in the content of available forms of potassium in the soil was observed irrespective of the analysed field. 3. The phosphorus balance on both analysed farms in the case of fields fertilised with slurry and digestate from biogas plants was positive, within the range of values from 15 to 40 kg P·ha -1 . 4. High positive phosphorus balance suggests a high surplus of the element supplied with fertilisers, and constitutes a potential threat to the quality of groundwaters and surface waters.
